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3,380,049
METHOD OF RESOLVING CLOCK SYN-
CHRONIZATION ERRCOR AND MEANS
THEREFOR
James E. Webb, Administrator of the National Aeronay-
tics and Space Administration, with respect to an in-
vention of Carl W. Johnsen, Covina, and Warren L.
Martin, La Canada, Calif,
Filed May 17, 1967, Ser. No. 640,455
16 Claims. (Cl. 343—6.5)

ABSTRACT OF THE DISCLOSURE

The method and means for resolving the synchroniza-
tion error of clocks in a plurality of stations tracking a
spacecraft or satellite. It includes sources of high fre-
quency signals, accurately counted in the stations between
start pulses produced in the stations from clocks, inde-
pendently synchronized to within several milliseconds, and
stop pulses produced in response to a signal received from
the spacecraft. The count in each station represents an
accurate time interval. The difference between the meas-
ured intervals equals the time period related to the range
difference between the stations and the spacecraft, a time
period representing known system errors, and the clock
synchronization error. Knowing the range differences and
the system errors the clock synchronization error is easily
computed.

ORIGIN OF INVENTION

The invention described herein was made in the per-
formance of work under a NASA contract and is sub-
ject to the provisions of Section 305 of the National
Aeronautics and Space Act of 1958, Public Law 85-568
(72 Stat. 435; 42 USC 2457).

BACKGROUND OF THE INVENTION

(1) Field of the invention

This invention generally relates to a clock synchroniza-
tion system and, more particularly, to a method and means
for resolving the time synchronization error of clocks of
different space satellite tracking stations.

(2) Descrfption of the prior art

Nearly all past and future space missions employ a
plurality of tracking stations, located at distant places over
the globe. The success or failure of a space mission often
depends on the ability to accurately correlate the data
received at such stations, in order to perform critical
spacecraft maneuvers. To determine the time at which
data is received at each station, the station continuously
records a time code derived from a very precise master
clock. Unfortunately however, in the past it has not been
possible to synchronize the clocks of the various stations
to better than several milliseconds, thereby limiting the
accuracy of the correlated data.

Interstation clock synchronization is presently ham-
pered by lack of a wide band communication channel over
which clock synchronization signals can be sent. Syn-
chronization to within several milliseconds is achieved by
the independent synchronization of each clock to a related
source, such as WWV,

Although synchronization to such accuracy is quite
significant, a capability of reducing synchronization error
to only a few microseconds, would greatly enhance the
accuracy of the correlated data. Thus, a need exists for
an improved method of synchronizing clocks of different
spacecraft or satellite tracking stations and for means to
accomplish such synchronization.
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OBJECTS AND SUMMARY OF THE INVENTION

It is a primary object of the present invention to pro-
vide a new improved method of synchronizing clocks of
different tracking stations.

Another object of this invention is to provide a new
method of synchronizing clocks of tracking stations with
an increase in resolution of about 1000 times over present
error resolution capabilities.

A further object of this invention is to provide a simple
method of reducing the synchronization error of clocks
of different tracking stations with relatively simple means.

Still another object of this invention is to provide rela-
tively simple and highly stable means to resolve the syn-
chronization error of clocks of a plurality of tracking
stations.

These and other objects of the invention are achieved
by employing the closed loop ranging techniques, here-
before used only to measure range between a spacecraft
and tracking station, for clock synchronization and, more
particularly, to resolve the synchronization error between
clocks of different tracking stations, Briefly, in present
space mission tracking systems, each tracking station is
generally equipped with a ranging subsystem capable of
resolving distance to a few meters. In such a subsystem,
a pseudonoise code is transmitted from the station to the
spacecraft or satellite where the exact code is retrans-
mitted to the station. The ground station receiver is locked
to the code, with the time elapsing between transmission
and reception indicating the time required for radio signals
to travel to the satellite and back to the station. Such time
is used to precisely determine the distance or range be-
tween the code transmitting station and the spacecraft
or satellite.

Each station is capable of receiving and locking its
receiver ranging coder to the code returning from a space-
craft or satellite, terms which hereafter will be used inter-
changeably. In practice however, all the stations receive
and lock to the same code but only one station, hereafter
referred to as the primary station, makes a meaningful
range measurement. The range from the spacecraft to the
primary station is computed therein and therefrom the
range from the spacecraft to each of the other stations is
determined. In each station, a marker pulse is produced
whenever a preselected sequence of bits of the code is
received from the spacecraft.

In accordance with the present invention, each station
generates independent timing signals generally derived
from a very precise frequency standard, which together
with associated equipment is often referred to as the sta-
tion’s clock. At each station, an elapsed-time counter is
started by a specific timing pulse to count cycles from a
precise high frequency source. However, since the clocks
of the various stations are only synchronized to within a
few milliseconds, the counters may start counting at
slightly different instances (within a few milliseconds). The
count in each counter is accumulated until the receiver
generates the marker pulse, indicating the reception of the
particular sequence of the pseudonoise code. The differ-
ence in the count in the counter in the primary station and
in the counter of any other station is directly related to the
range difference between the spacecraft and the two sta-
tions, known or calculatable system errors and the syn-
chronization error between the clocks of the two stations.
Knowing the range difference and the known system er-
rors, the error in clock synchronization is easily resolv-
able. Assuming that the cycles counted are of a frequency
of at least 1 megacycle, the error of synchronization can
be resolved to within a few microseconds.

The novel features that are considered characteristic of
this invention are set forth with particularity in the ap-
pended claims. The invention will best be understood
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from the following description when read in connection
with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGURE 1 is a block diagram of equipment in two
stations and a spacecraft required for practicing the pres-
ent invention;

FIGURE 2 is a multiline timing diagram useful in ex-
plaining the invention; and

FIGURE 3 is a dagram useful in explaining a possible
source of error which has to be accounted for in practic-
ing the present invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Reference is now made to FIGURE 1 which is a simpli-
fied block diagram of stations I and 2 at known fixed lo-
cations on earth whose general function is to track and
communicate with a spacecraft, For the purpose of the
present invention, it is assumed that both stations 1 and
2 simultaneously view the single spacecraft. It is also as-
sumed that the range of one of the stations such as sta-
tion 1 from the spacecraft is measured to an accuracy of
15 meters, and that likewise the range from station 2 to
the spacecraft can be accurately predicted on the basis of
the distance or range of station 1 from the spacecraft.

Each station is assumed to contain a master clock 16
which supplies very accurate timing signals. These signals
are used to control the ‘various instruments of the station,
including the station’s transmitter receiver (T=R) system
12 which transmits signals to and receives signals from
the spacecraft by means of its respective antenna 14. Al-
though only two stations are diagrammed, it should be
appreciated that the teachings of the invention are appli-
cable to any number of stations, as long as all are in view
of the same spacecraft.

The spacecraft, like each station includes a T-R sys-
tem 16 connected to an antenna 18, which receives signals
from one of the stations while transmitting signals which
may be received by all the tracking stations. The output
of system 16 is shown, for exemplary purposes, to be
connected to the spacecraft system, generally designated
by block 20.

As is appreciated by those familiar with the art, the
signals received by the various stations are generally cor-
related or processed in order to control the spacecraft and
its course. The accuracy of correlation is dependent on
the accurate determination of the time of arrival of vari-
ous signals at the various stations, which is in turn de-
pendent on the accurate synchronization of the various
station clocks 10.

Herebefore, these clocks have been synchronized inde-
pendently to a related source, such as WWV. For explana-
tory purposes only such an independent source, is repre-
sented in FIGURE 1 by independent clock synchronizer
22. With such means, the clocks can be synchronized only
to within several milliseconds. It is the basic function of
the present invention to increase the measurement ac-
curacy of clock synchronization techniques. Alternately
stated, the basic object of the invention is to provide a
method and means to determine the error in the synchroni-
zation of clocks, which are independently synchronized to
within a few milliseconds.

The invention will be described in conjunction with a
multistation tracking system in which each station is as-
sumed to include a closed loop ranging subsystem, des-
ignated by block 25. Each station is capable of trans-
mitting a pseudonoise code to the spacecraft from which
the code is returned to earth and received by all the sta-
tions. The ranging subsystem 25 in each station includes
means which provide a marker pulse, whenever a prede-
termined sequence of bits within the code are received.
However, only in the station which transmitted the code
is the marker pulse used to determine the range between
the spacecraft and the code transmitting station, on the
basis of the two-way communication therebetween, In
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4
FIGURE 1, it is assumed that station 1 is the code trans-
mitting station. The two way communication between sta-
tion 1 and the spacecraft is represented by lines 27 and
28, while the code from the spacecraft, received by sta-
tion 2 is represented by line 29.

Briefly, in accordance with this invention, a start pulse
is provided in each station with a time accuracy of the
independent synchronization of the station clocks, here-
before assumed to be a few milliseconds. In each station,
the start pulse is used to start an accurately measured
time period or interval which terminates upon the recep-
tion of the marker pulse. Knowing the range of each
station to the spacecraft and known system errors, the
exact difference of arrival of the marker pulse in the two
stations is computable. Thus, if the two start pulses in
the two stations were perfectly synchronized, the time
periods measured therein should correspond to the dif-
ference in range between the two stations and the space-
craft, and the system’s calibration errors. To the extent
that this is not the case, it represents the error in the
synchronization of the two station clocks 1¢ providing the
start pulses, by the independent means.

For a better understanding of this aspect of the inven-
tion, reference is now made to FIGURE 2 which
is a simplified diagram of the various pulses herebe-
fore referred to. Let vertical lines 32 in line a of
FIGURE 2 represent pulses produced at one second in-
tervals by clock 10 of station 1, while lines 32x
in line ¢ of FIGURE 2 represent similar one second
pulses, produced by clock 18 of station 2. Let it further
be assumed that at time Ty, station 1 produces a timing
pulse at the beginning of a given minute of common view
of the spacecraft and, that station 2 produces a similar
start pulse. Due however, to the imperfect synchroniza-

5 tion between the clocks 10 of the two stations, the pulse

(32x) in station 2 is produced at time Ty, where
Ty—Ty=t;, t; representing the synchronization error,
when the clocks are synchronized by independent means.
This error has been reduced by prior art techniques to
several milliseconds.

In accordance with this invention, these specific start
pulses synchronized to within a few milliseconds, are used
to defirie beginnings of time intervals which end in each
station when the particular sequence in the pseudonoise
code is received and a marker pulse is generated. In
FIGURE 2, lines 34 and 35 represent the times of arrival
of the marker pulses in stations 1 and 2 respectively. Thus
in station 1, the measured time interval is #; while in sta-
tion 2, it is 75,

The time difference may be expressed as

tg—ty=ts+ty41e

where f; is the desired clock synchronization error. The
time £, is a computable time corresponding to the range

5 difference between the stations and the spacecraft, while

t, is a time representing known or computable system
errors. Knowing f,, f1, t, and 4, I is easily determined.
Thus, the error due to the independent synchronization
of the clocks is resolved. ’

In one embodiment, #;, and ¢ were determined by
counting cycles or signals from a precise high frequency
source. Referring again to FIGURE 1, there is shown an
clapsed-time counter 40 and a signal source 42, included
in each station., Source 42 is assumed to be a source of
high frequency signals, such as 10 megacycles. Each
station also includes a control circuit 44 which is as-
sumed to use signals from clock 10 to enable the counter
40, at a given point in time with a start signal to count
the signals from source 42. Such start signals may be
produced at the beginning of each minute of common
viewing. All counters are enabled within a few milli-
seconds.

Once enabled, each counter 4¢ counts the high fre-
quency signals from its respective source 42. The count-
ing is terminated by a stop signal supplied by the ranging
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subsystem 25, when the particular bit sequence in the
pseudonoise code is received from the spacecraft and the
marker pulse is produced, The count accumulated in each
counter 40 may be recorded by a recorder 45, together
with the time supplied by clock 18 when the recording
took place. The counts accumulated in the different sta-
tions represent 7, and #; at stations 1 and 2 respectively.
Knowing ¢ and f, fs is determined. Once the error in
the synchronization of the two clocks is known, the
arrival of all data at the two stations is corrected, there-
by enhancing the results of all correlated data.

As previously indicated, the method of the invention
is based on the knowledge of the range of each station to
the spacecraft, so that # can be determined. Also, an
actual or accurately predictable value of all system errors
t. must be available. With presently known equipment
and techniques, it is believed that the range of station 2
can be predicted to at least within 150 meters, if the
range of station 1 is measurable to within 15 meters.
Thus, the uncertainty in determining range can be as-
sumed to be below 0.5 microsecond (us.).

In FIGURE 2, the distance between station 2 and the
spacecraft is assumed to be greater than the distance to
station 1, since the stop signal, or marker pulse in station
2, represented by line 35, occurs after the occurrence of
a corresponding pulse in station 1, which is represented
by line 34. Neglecting for explanatory purposes the term
t,, which represents known or computable system error,
in FIGURE 2, the distance between lines 35 and 34, rep-
resents t., which is the difference in signal travel time to
stations 1 and 2 from the spacecraft, or the range differ-
ence between the two stations and the spacecraft. Since
in each stage, the ranging sub-system 25 provides the
range to the spacecraft, the range difference, correspond-
ing to #, is available.

Briefly, after the counting operation the term #, cor-
responding to the range difference between the stations to
the spacecraft at the end of the counting operation is
derived. Then, a count corresponding ¢, is subtracted from
the count in the station, farther away from the space-
craft, which, in the example diagrammed in FIGURE 2,
is station 2. The counts in the counters of the two stations
are then compared. If the synchronization error between
the two independently synchronized clocks is zero, the
counts would be the same. Any count difference repre-
sents the synchronization error f,. In the example dia-
grammed in FIGURE 2, the count in station 2, after sub-
tracting ¢, would be smaller than the count in station 1,
since the counting in station 2 starts late by a time 7,
with respect to the counting start time in station 1. Thus,
knowing the difference between the counts in the two
counters and the frequencies from sources 42, the syn-
chronization error is easily obtained.

A possible source of error which is assumed to be
included in the term £, is introduced by the earth’s rota-
tion. A slight range change occurs during the signals
down-link flight time. If the distances are specified at the
instant when the signal leaves the satellite, the predicted
arrival times may be in error. The worst case of error
occurs for two stations on the Equator as shown in FIG-
URE 3, to which reference is made herein. Therein P1
represent the positions of the stations 1 and 2, when the
coded signal is transmitted from station 1 to the space-
chaft, assumed to be at lunar distance and P2 and P3 the
station positions when the code is retransmitted by the
spacecraft and received by the stations, respectively, A
total discrepancy of 1100 meters might be possible which
corresponds to 3.5 microseconds, However, in practice,
the change in range during the signal transit time are
accounted for as part of the range computation, so that
this source of error becomes very small compared to 1
microsecond.

Other possible sources of uncertainty or error relate to
equipment calibration and time interval measurement,
These are represented by the term f,. In equipment cali-
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bration, existing calibration procedures call for calibra-
tion of the entire system as a single unit including the
transmitter, transponder, receiver and ranging subsystem.
However, by separately calibrating the receiver and rang-
ing subsystem, which are the only possible instruments
which may contribute to an error in the computation in
accordance with this invention, it is believed that even in
the worst case, the maximum uncertainty due to equip-
ment calibration is not more than 2 microseconds (us.).

As to time interval measurement, by using a highly
precise source of signals 42, the error can be reduced to a
minimum. Pulse rise times may be held not to exceed
0.1 ws., and the quantization interval held to 0.1 ps. Thus,
the worst total error in measuring the time interval in
each station can be held to less than 0.5 ws. Since two
stations make this measurement simultaneously, a total
cumulative error not exceeding 1.0 us. is reasonable.

The various sourcés of error are listed in the following
table, together with the worst case error and the expected -
error that each source may produce in us.

TABLE I
Worst Case Expected
Source Error, Error,
microsecond  microsecond
1. Range Prediction. __.__.___._ ... 0.5 02
2. Earth Rotation (2 stations) 3.5 01
3. Equipment Calibration. .....__._____ 2.0 1.0
4. Interval Measurement (2 stations).._ 1.0 0.5
Total Brror.coo oo 7.0 1.8

From the table, it is clearly seen that the total expected
error in the worst case is only 7.0 us., which is an increase
in synchronization resolution of over 1000 times com-
pared with present techniques. The actual expected error
is only about 2.0 us., as compared with several millisec-
onds achievable with present techniques. Experimental
data obtained by measuring clock synchronization errors
between three stations has indicated a closure error of 1
microsecond. Thus, the present invention greatly con-
tributes to accurately resolving the synchronization error
when station clocks are independently synchronized with
respect to an independent source,

There has accordingly been shown and described here-
in a novel method of resolving the synchronization error
of independently synchronized clocks and means for prac-
ticing the method. It is appreciated that those familiar
with the art may make modifications in the arrangements
disclosed without departing from the teachings of the
invention. For example, the stop signal in each station
need not be produced from the pseudonoise code used for
ranging, but may be produced or supplied in response to
a unique code transmitted from the spacecraft to all sta-
tions. Therefore, all such modifications and/or equiva-
lents are deemed to fall within the scope of the invention
as claimed in the appended claims.

What is claimed is:

1. A method of increasing the resolution of synchro-
nization of signal sources in separate stations, operating
to track a body, the steps comprising: .

independently synchronizing the sources of signals to

within a first minimal time period;-

initiating the beginnings of time interval measurements

in the stations with specific start signals from said
sources;

providing a coded signal in said body;

transmitting said coded signal from said body to said

stations;

in each station, receiving the coded signal from said

body; and

terminating the time interval measurement in each sta-

tion upon the reception of said coded signal.

2. The method as recited in claim I wherein said first
minimal time period is within a range of several milli-
seconds, and the time interval in each station being meas-
urable to within 1 microsecond.

3. The method as recited in claim 1 further including



3,880,049

7

the step of transmitting from one station said coded signal
to said body wherein said coded signal is retransmitted to
said one station locked théreto to determine in said one
station the distance therebetween and said body.

4. The ‘method as recited in claim 1 wherein in each
station signals in the radio frequency range are counted
between said start signal and the reception of said coded

signal to accurately determine the length of the time in-

terval measured therein, as a function of the count of
said radio frequency signals.

5. The method as recited in claim 4 wherein the
counted signals are of a frequency of at least 1 mega-
cycle, and said minimal time period is within the range
of several milliseconds. !

6. The method of resolving the error in the synchro-
nization of master clocks of stations operated to track
a body in space, the clocks being independently synchro-
nizable with respect to a reference source to within a first
minimal time period, the method comprising the steps of:

independently synchronizing the master clocks of the

stations with respect to a reference source, whereby
the clocks are synchronized to within a first minimal
time period;
controlling the clock in each station to provide a con-
trol signal at a selected time, whereby all of said
clocks provide said control signals within said first
minimal time period, representing a gross error in
the independent synchronization of said clocks;

providing in each station a source of high frequency
signals;

in each station utilizing the control signal to initiate

a count of said high frequency signals;

providing a coded signal in said body in space;

transmitting said coded signal from said body in space

to said stations;

in each station receiving said coded signal from the

body in space; and

in each station utilizing said coded signal to terminate

the count therein.

7. The method as recited in claim 6 wherein the coded
signal transmitted by said body in space is a coded sig-
nal received thereby from one of said stations, said one
station utilizing the coded signal returned thereto from
said body for determining its distance therefrom.

8. The method as recited in claim 6 wherein said first
minimal time period is in the range of several millisec-
onds and the frequency of the signals counted in each
station is in the radio frequency range.

9. The method as recited in claim 8 wherein the coded
signal transmitted by said body in space is a coded signal
received thereby from one of said stations, said one sta-
tion utilizing the coded signal returned thereto from said
body for determining its distance therefrom.

10. The method as recited in claim 9 wherein the fre-
quency of the signals counted in each station is at least
1 megacycle,
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11, In a multistation body-tracking system of the type
in which each station includes a master clock for provid-
ing timing control signals, the clocks being independently
synchronizable with respect to a reference source so that
timing signals provided by said clocks are synchronized
to not better than a2 minimal time period, an arrangement
for resolving the synchronization error of said master
clocks comprising:

first means in each station responsive to a specific tim-

ing signal from a master clock in the station to pro-
vide a time-measuring start signal;

second means in each station for receiving signals from

a body and for determining the distance between the
station and said body;

third means in each station for providing a stop signal

when said second means receive a preselected signal
from said body; and .
fourth means in each station for providing a measure
of the time period between said start and stop signals
whereby the difference in the time periods, measured
in any two stations is a function of the known differ-
ence of the distances of said two stations to said body
and the synchronization etror of said master clocks.

12. The arrangement as recited in claim 11 wherein said
fourth means includes a source of high frequency signals
and a counter for counting said high frequency signals
between said start and stop signals applied thereto.

13. The arrangement as recited in claim 12 wherein
said source provides signals at a frequency of at least
1 megacycle.

14. The arrangement as recited in claim 13 wherein
said third means comprise a ranging system responsive
to a multibit ranging code received from said body for
providing said stop signal when a predetermined sequence
of bits in said code is received.

15. The arrangement as recited in claim 11 wherein said
first means provide said start signal at the beginning of
each minute of a period in which said stations are in
direct view of said body.

16. The arrangement as recited in claim 15 wherein
said body is a spacecraft and the signals from said source
are of a frequency of about 10 megacycles.
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